The recognition of facial expressions of emotion is adaptive for human social interaction, but the ability to do this and the manner in which it is achieved differs among individuals. Previous functional neuroimaging studies have demonstrated that some brain regions, such as the inferior frontal gyrus (IFG), are active during the response to emotional facial expressions in healthy participants, and lesion studies have demonstrated that damage to these structures impairs the recognition of facial expressions. However, it remains to be established whether individual differences in the structure of these regions could be associated with differences in the ability to recognize facial expressions. We investigated this issue using acquired structural magnetic resonance imaging, and assessed the performance of healthy adults with respect to recognition of the facial expressions of six basic emotions. The gray matter volume of the right IFG positively correlated with the total accuracy of facial expression recognition. This suggests that individual differences in the ability to recognize facial expressions are associated with differences in the structure of the right IFG. Furthermore, the mirror neuron activity of the IFG may be important for establishing efficient facial mimicry to facilitate emotion recognition.
Introduction
Facial expressions are indispensable for effective social interactions. Expressions make it possible to understand another's emotional state, communicate intention (Keltner and Kring, 1998) and trigger appropriate behavior (Blair, 2003) . Consistent with this adaptive functioning, previous studies have demonstrated that the ability to recognize facial expressions accurately has a positive effect on functional outcomes, such as social adjustment (e.g. Edwards et al., 1984) and mental health (e.g. Carton et al., 1999) . Accordingly, people with impaired emotion recognition, such as individuals with autism spectrum disorder (ASD) and schizophrenia, have marked difficulties in this regard (Mancuso et al., 2011; Uono et al., 2011 Uono et al., , 2013 . These findings have drawn attention to the need to understand the underlying neurocognitive mechanisms of the ability to recognize facial expressions.
Some evidence suggests that the large individual differences in the ability to recognize facial expressions, which is stable over time, relate to differences in the underlying brain structures. Several studies have reported that individuals with ASD and schizophrenia show marked difficulties recognizing facial expressions compared with normal participants (Kohler et al., 2010; Uljarevic and Hamilton, 2013; Kret and Ploeger, 2015) and have genetically inherited atypical brain structures (Crespi and Badcock, 2008 for a review). Many studies have noted gender differences in the ability to recognize facial expressions (Kret and de Gelder, 2012) , and in brain structures involved in social behavior (Ruigrok et al., 2014) . A recent study revealed that individual differences in expression recognition may be related to certain genotypes involved in the development of brain structures (Lin et al., 2012) . Given that there is wide individual variation in facial expression processing, even in the typical population (Palermo et al., 2013) , there may also be variation in the brain structure of the same population.
A number of neuroimaging studies that used functional magnetic resonance imaging (fMRI) and positron emission tomography have provided clues that suggest which brain regions are crucial for recognizing facial expressions. Two recent metaanalyses indicated that the processing of emotional facial expressions involves prefrontal regions, such as the inferior frontal gyrus (IFG), the superior temporal sulcus (STS) region (Allison et al., 2000) including the posterior STS and the adjacent middle temporal gyrus (MTG) and superior temporal gyrus (STG), and the amygdala (Fusar-Poli et al., 2009; Sabatinelli et al., 2011) . These regions may be involved in the understanding of another's intentions, through matching the visual representation of the other's action with one's own motor representations of the action (IFG: Rizzolatti et al., 2001; Gallese et al., 2004) , the visual analysis of invariant aspects of faces such as expressions (the STS region: Haxby et al., 2002) , and the extraction of emotional information from stimuli (amygdala: Calder et al., 2003) . The recognition of another's facial expressions could be implemented by motor, visual and emotional processing in the IFG, the STS region and the amygdala.
Previous studies have revealed that damage or interruption to these brain regions impairs recognition of overall emotional facial expressions. A study showing anatomical double dissociations between cognitive and emotional empathy demonstrated that damage to the right IFG decreases the ability to recognize emotional expressions from the region around eyes (Shamay-Tsoory et al., 2009) . Lesion symptom mapping studies have reported that lesions in the bilateral frontal and temporal cortex, including the IFG and STS region as well as other regions, contribute to understanding others' facial expressions (Adolphs et al., 2000; Dal Monte et al., 2013) . A recent transcranial magnetic stimulation (TMS) study also showed that a transient disruption of the STS region impairs facial expression recognition but not identity recognition (Pitcher, 2014) . Other studies have revealed that damage to specific brain regions impairs the ability to recognize specific emotions, such as in the case of impaired recognition of certain negative facial expressions, especially fear, in patients with amygdala damage (e.g. Adolphs et al., 1994 Adolphs et al., , 1999 .
Taken together, these studies have demonstrated that some brain regions are active in the response to emotional facial expressions, and that damage to these structures impairs this ability. However, it remains to be proven whether individual differences in the structure of these regions could be associated with differences recognition ability in healthy participants. Research on potential associations between expression recognition and brain structure will provide insight into the roles that identified regions and associated cognitive processes play in determining individual differences in the ability to recognize facial expressions in typical and atypical individuals.
We investigated this issue by conducting voxel-based morphometry (VBM) on structural MRI data and assessing the performance of healthy adults with respect to recognition of the facial expressions of six basic emotions. VBM studies in healthy individuals have demonstrated that individual differences in task performance are reflected in the volumes of specific brain regions (e.g. Carlson et al., 2012; Takeuchi et al., 2012; GilaieDotan et al., 2013) . This approach enables the investigation of the relationship between task performance and structures throughout the entire brain; the areas under investigation are not restricted to those activated under a specific task or those damaged in patients. The ability to recognize facial expressions was measured using a label-matching paradigm featuring six basic emotions. This paradigm has previously revealed differences in the ability to recognize facial expressions between typical and clinical populations (e.g. Uono et al., 2011 Uono et al., , 2013 Sato et al., 2002; Okada et al., 2015) . Based on previous functional neuroimaging and lesion studies, we hypothesized that the gray and white matter volume of the IFG, the STS region and the amygdala would correlate with the ability to recognize facial expressions.
Materials and methods

Participants
Fifty healthy young Japanese adults participated in this study (24 females and 26 males; M 6 s.d. age, 22.4 6 4.4). One additional participant was excluded from the analysis, because she was very familiar with the stimuli used. Verbal and performance intelligence quotient (IQ) was measured using the Japanese version of the Wechsler Adult Intelligence Scale, third edition (Fujita et al., 2006 (Otsubo et al., 2005) , a psychiatrist confirmed that none of participants had any neurological or psychiatric symptoms at a clinical level. All participants were right-handed, as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971) , and all had normal or corrected-tonormal visual acuity.
Following an explanation of the procedures, all participants provided written informed consent. This study was part of a broad research project exploring mind-brain relationships. The project was approved by the ethics committee of the Primate Research Institute, Kyoto University. The experiment was conducted in accordance with the guidelines of the Declaration of Helsinki.
Emotion recognition task
A total of 48 photographs of faces expressing the 6 basic emotions (anger, disgust, fear, happiness, sadness and surprise) from 4 Caucasian and 4 Japanese individuals were used as stimuli (Ekman and Friesen, 1976; Matsumoto and Ekman, 1988) . The experiment was conducted using the Presentation (version 14.9, Neurobehavioral System) software on a Windows computer (HPZ200SFF, Hewlett-Packard Company). The images were presented on a 19-in. CRT monitor (HM903D-A, Iiyama) in random order. Written labels of the six basic emotions were presented around each photograph and the positions of the labels were counterbalanced across blocks. Participants were asked to indicate which of the labels best described the emotion expressed in each photograph. They were instructed to consider all alternatives prior to responding. Thus, time limits were not set, and each photograph remained on the screen until a verbal response was made. An experimenter carefully recorded the verbal response. Feedback to their response was not provided for each trial, and the photographs were presented just once. The participants completed a total of 48 trials in approximately 10 min. We confirmed that all participants understood the meanings of the written labels prior to starting the experimental trials. They also performed two training trials to familiarize themselves with the procedure.
MRI acquisition
The emotion recognition task and MRI acquisition were conducted on separate days. Image scanning was performed on a 3-T scanning system (MAGNETOM Trio, A Tim System, Siemens) at the ATR Brain Activity Imaging Center using a 12-channel array coil. T1-weighted high-resolution anatomical images were obtained using a magnetization-prepared rapid gradient-echo sequence (repetition time ¼ 2250 ms, echo time ¼ 3.06 ms, flip angle ¼ 9
, inversion time ¼ 1000 ms, field of view ¼ 256 Â
Data analysis
Emotion recognition task. The percent accuracy in each emotion category and the average score across categories were calculated. Image analysis. Image and statistical analyses were performed using the SPM8 statistical parametric mapping package (http://www.fil.ion.ucl.ac.uk/spm) and the VBM8 toolbox (http:// dbm.neuro.uni-jena.de) implemented in MATLAB R2012b (Mathworks). Image preprocessing was performed using the VBM8 toolbox by using the default settings. Structural T1 images were segmented into gray matter, white matter and cerebrospinal fluid, using an adaptive maximum a posteriori approach (Rajapakse et al., 1997) . Intensity inhomogeneity in the MRI was modeled as slowly varying spatial functions, and thus corrected in the estimation. The segmented images were used for a partial volume estimation using a simple model with mixed tissue types to improve segmentation (Tohka et al., 2004) . A spatially adaptive non-local means denoising filter was applied to address spatially varying noise levels (Manj on et al., 2010) . A Markov random field cleanup was used to improve the image quality. The gray and white matter images in native space were subsequently normalized to standard stereotactic space defined by the Montreal Neurological Institute using the diffeomorphic anatomical registration using the exponentiated Lie algebra algorithm approach (Ashburner, 2007) . We used the predefined templates provided with the VBM8 toolbox, derived from 550 healthy brains from the IXI-database (http://www. brain-development.org). The normalized images were modulated using Jacobian determinants with non-linear warping only (i.e. m0 image in VBM8 outputs) to exclude the effect of total intracranial volume. Finally, the normalized modulated images were resampled to a resolution of 1.5 Â 1.5 Â 1.5 mm and smoothed using an isotropic Gaussian kernel 12 mm full width at half-maximum to compensate for anatomical variability among participants.
Multiple regression analyses were performed using the averaged percent accuracy across conditions as the independent variable and sex, age, and full-scale IQ as covariates. The positive and negative relationships between gray and white matter volumes and the averaged percent accuracy across conditions were tested using t-statistics. We selected the bilateral IFG, MTG and the amygdala as regions of interest (ROI). Co-ordinates were derived from Sabatinelli et al. (2011) as follows: bilateral IFG (right:
The co-ordinates of the left MTG were generated by flipping those of the right MTG, because Sabatinelli et al. (2011) did not report the involvement of the left MTG. The coordinates used in the present study are similar to those used in a metaanalysis (x ¼ À56, y ¼ À58, z ¼ 4; Fusar-Poli et al., 2009). To restrict the search volume in the bilateral IFG, MTG and amygdala, ROIs were specified as the intersection of a sphere of 12mm radius centered on the coordinates with anatomically defined masks provided by the WFU PickAtlas (Maldjian et al., 2003) . We performed small volume correction (Worsley et al., 1996) in each ROI. Significant voxels were identified at the height threshold of P < 0.001 (uncorrected), and then a family wise error (FWE) correction for multiple comparisons was applied (P < 0.05). Other areas were FWE-corrected for the entire brain volume. For exploratory purposes, we performed the analysis using a height threshold of P < 0.001 (uncorrected) with a liberal extent threshold of 100 contiguous voxels. The same whole brain and exploratory analyses were also conducted using the percent accuracy in each emotion category as independent variables. The brain structures were anatomically labeled using Talairach Client (Lancaster et al., 2007) and the SPM Anatomy Toolbox (Eickhoff et al., 2005) .
Results
The mean percent accuracy for each condition is shown in Table 1 .
To reveal which brain regions are involved in emotion recognition, the structural MRI data were analyzed using a multiple regression analysis, with the average percent accuracy across emotion conditions as the independent variable, and sex, age, and full-scale IQ as covariates. The ROI analysis indicated a significant positive relationship with the gray matter volume of the right IFG (P < 0.05, FWE corrected; Figure 1 and Table 2 ). There were no other significant clusters within ROIs or other entire brain regions. The exploratory analysis using a liberal extent threshold (k > 100) revealed a negative relationship with the white matter volume of the left cerebellum ( Figure 1 and Table 2 ).
Multiple regression analyses were also conducted regarding the relationship between the structural MRI data and the percent accuracy for each emotion condition. Although there were no significant clusters within ROIs, the white matter volume of the left STG negatively correlated with sadness recognition in the whole brain analysis (P < 0.05, FWE corrected; see Figure 2 and Table 2 ). When we conducted exploratory analyses using a liberal extent threshold (k > 100), several brain regions showed associations with the ability to recognize facial expressions (see Figure 2 and Table 2 ). Specifically, for anger recognition, the results revealed a negative relationship with the gray matter volume of the left superior parietal lobule, the right inferior parietal lobule, and the right orbitofrontal cortex. For disgust recognition, a positive relationship was found with the gray matter volume of the left precentral gyrus. For fear recognition, a negative relationship was found with the gray matter volume of the right thalamus. For sadness recognition, a positive relationship was found with the gray matter volume of the right STG. Negative relationships were also found with the gray matter volume of the right STG. For surprise recognition, negative relationships were found with the gray matter volume of the left STG and parahippocampal gyrus.
Discussion
The present study reveals that the gray matter volume of the right IFG is associated with the ability to recognize facial expressions, across six emotion categories. This result is consistent with meta-analyses of neuroimaging data, which have reported that the IFG is reliably activated during the observation of facial expressions (Fusar-Poli et al., 2009; Sabatinelli et al., 2011 , 2009) . Our data suggest that individual differences in the ability to recognize emotions from facial cues are reflected in individual structural differences in the right IFG. Although we are unable to conclusively identify a functional role of the right IFG, we suggest that it may contribute toward the ability to recognize facial expressions via a mechanism involving mimicking the other person's facial expression. It has been suggested that the IFG contains mirror neurons that discharge when observing and executing specific actions, and matching these representations allows us to understand each other's actions (Rizzolatti et al., 2001; Gallese et al., 2004) . Consistent with this concept, behavioral studies have reported that observing facial expressions induces facial mimicry, and automatic and intentional facial imitation modulate the process of recognizing facial expressions of other people (Niedenthal, 2007; Oberman et al., 2007; Sato et al., 2013a; Hyniewska and Sato, 2015) . Previous fMRI studies have shown that observing and imitating facial expressions activates the right IFG (Carr et al., 2003; Hennenlotter et al., 2005; Pfeifer et al., 2008) . Some studies have provided further evidence for the role of the right IFG, indicating that the right IFG shows greater activation when participants imitate emotional facial expressions compared with ingestive facial expressions (Lee et al., 2006) , and that stronger congruent facial movements with another's facial expressions correlate with increased activation of the right IFG (Lee et al., 2006; Likowski et al., 2012) . Together with these previous findings, it is possible that the increased volume of the right IFG reflects enhanced facial mimicry, which facilitates the ability to recognize facial expressions.
Interestingly, our exploratory analysis suggests that the white matter volume of the left cerebellum negatively correlates with the ability to recognize facial expressions. Recent studies have indicated that the cerebellum contributes to not only motor but also cognitive and emotional function (Stoodley and Schmahmann, 2009) . Consistent with this, a meta-analysis of fMRI studies revealed that the left cerebellum is active while observing others' facial expressions (Fusar-Poli et al., 2009) . In relation to expression recognition, however, only a few studies have investigated the role of the cerebellum. Previous studies have reported impaired recognition in individuals with cerebellum infraction (Adamaszek et al., 2014) and spinocerebellar ataxias (D'Agata et al., 2011) . A stimulation study demonstrated that a transcranial direct current stimulation to the cerebellum enhanced the processing of negative facial expressions (Ferrucci et al., 2012) . The cerebellum is part of a large-scale network that involves the neocortex. The identified voxels were located in the Crus II of the left hemisphere, which is structurally and functionally interconnected with the contralateral prefrontal cortex (Kelly and Strick, 2003; O'Reilly et al., 2010) . Both the right IFG and the left cerebellum have been associated with congruent facial reactions in response to the facial expressions of others (Likowski et al., 2012) . Based on these findings, we speculate that the network between the right IFG and the left cerebellum might play a critical role for recognizing others' facial expressions.
It should be noted that the IFG and the cerebellum are involved in general cognitive functions (Stoodley and Schmahmann, 2009; Aron et al., 2014) . A previous study suggested that executive function is related to the recognition of facial expressions (Circelli et al., 2013) . These findings suggest that individual differences in these functions might explain the relationship between the ability to recognize facial expressions and the volume of the identified brain regions. However, in our study, care was taken to ensure that all participants appropriately understood the meanings of the written labels prior to the experiment. No time limits were set for conducting the task and the stimuli and the written labels were presented until their response was recorded. Thus, the task should not have burdened attentional processing, working memory, language processing, or inhibitory control processes. Given that the significant relationship between brain volume and the ability to recognize emotions was found after controlling for participants' intellectual ability, it is unlikely that the relationship may be explained only by individual differences in general cognitive function.
The present study provides insight into the functional role of the right IFG in clinical populations. For example, individuals with ASD, who are characterized by social and communication impairments, have difficulty recognizing facial expressions (Uljarevic and Hamilton, 2013) . Studies have reported that individuals with ASD show reduced facial mimicry (McIntosh et al., 2006; Yoshimura et al., 2015) and reduced right IFG activation in response to the facial expressions of other people (Dapretto et al., 2006; Hadjikhani et al., 2007; Sato et al., 2012) . Anatomical studies have demonstrated a relationship between a reduction in the gray matter volume of the right IFG and impaired social communication (Kosaka et al., 2010; Yamasaki et al., 2010) . These data are consistent with our speculation that the increased gray matter The co-ordinates of the peak in the MNI system are shown. A threshold of P < 0.001 (uncorrected) with a liberal extent threshold of 100 contiguous voxels was set for displayed data. BA, Broadmann area; L, left; R, right; þ, positive correlation; À, negative correlation. volume of the right IFG is associated with enhanced facial mimicry, which facilitates emotion recognition. Based on these findings, it is possible that impaired facial mimicry, which is implemented by the IFG, results in an impaired ability to recognize facial expressions in ASD. A VBM study with a large clinical sample is needed to investigate the relationship between structural abnormalities and impaired emotion recognition in ASD. The exploratory analysis conducted for each emotion category found that gray and white matter volumes of distinct brain regions correlate with recognition accuracy. Importantly, we found that the recognition accuracy of sad and surprised faces correlated with the volumes of subregions of the bilateral STS region. Previous lesion symptom mapping studies demonstrated that the STS region and frontal cortex are critical areas involved in the recognition of another's facial emotions (Adolphs et al., 2000; Dal Monte et al., 2013) . In fact, a recent TMS study in healthy adults showed that TMS of the STS region impairs facial expression recognition (Pitcher, 2014) . These findings are in accordance with the role of the STS region, i.e. the visual processing of invariant aspects of faces (Haxby et al., 2002). Consistent with the suggestion described above, the STS region has a direct connection with the IFG (Catani et al., 2002) , and this connection may implement motor mimicry (Hamilton, 2008) . Although some correlations found in the present study have also been reported in previous studies (angry face and the orbitofrontal cortex: Blair and Cipolotti, 2000 ; fearful face and the thalamus: Williams et al., 2001), we did not detect other frequently reported correlations, such as fearful faces-amygdala (e.g. Adolphs et al., 1994) and disgusted faces-insular and/or basal ganglia (e.g. Calder et al., 2000) . Methodological differences and a relatively small sample size might explain these discrepancies. Future studies are needed to combine structural and functional MRI investigations of a larger number of participants.
The present study had additional limitations. First, an analysis of the recognition of a happy face was not conducted, because all but one participant recognized happy faces at the ceiling level. It would be useful to apply computer morphing paradigms to the stimulus photographs to adjust the difficulty levels across emotion categories (e.g. Sato et al., 2002) . Second, the results did not suggest any significant involvement of brain regions related with rapid emotional processing, such as the amygdala (e.g. Sato et al., 2013b) . This might be because no time pressure was established for the task. The requirement of an accelerated response may reveal significant relationships between performance and the volume of such brain regions (cf. Zhao et al., 2013) . Third, although we emphasized facial mimicry as a functional role of the right IFG in emotion recognition, there is no evidence indicating whether the volume of the right IFG correlates with the magnitude of facial muscle activity in response to another's facial expressions. The emotion recognition task used employed several processing stages, such as perceptual processing, motor resonance and lexical access to emotional meaning. For example, a previous study suggested that damage to the right frontal cortex contributes to the performance of naming rather than rating another's facial expressions (Adolphs et al., 2000) . Future studies should directly investigate the relationship among facial mimicry, emotion recognition and brain volume.
In summary, the ability to recognize facial expressions across emotion categories correlates with the gray matter volume of the right IFG. Based on previous findings that indicate that the IFG is involved in facial imitation, and that facial mimicry modulates the ability to recognize facial expressions, it is possible that the large gray matter volume of the right IFG contributes toward efficient facial mimicry, which facilitates emotion recognition.
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